Magmatic processes have usually been identified and evaluated using qualitative or semiquantitative geochemical or isotopic tools based on a restricted number of variables. However, a more complete and quantitative view could be reached applying multivariate analysis, mass balance techniques, and statistical tests. As an example, in this work a statistical and quantitative scheme is applied to analyze the geochemical features for the Sierra de las Cruces (SC) volcanic range (Mexican Volcanic Belt). In this locality, the volcanic activity (3.7 to 0.5 Ma) was dominantly dacitic, but the presence of spheroidal andesitic enclaves and/or diverse disequilibrium features in majority of lavas confirms the operation of magma mixing/mingling. New discriminant-function-based multidimensional diagrams were used to discriminate tectonic setting. Statistical tests of discordancy and significance were applied to evaluate the influence of the subducting Cocos plate, which seems to be rather negligible for the SC magmas in relation to several major and trace elements. A cluster analysis following Ward's linkage rule was carried out to classify the SC volcanic rocks geochemical groups. Finally, two mass-balance schemes were applied for the quantitative evaluation of the proportion of the endmember components (dacitic and andesitic magmas) in the comingled lavas (binary mixtures).
Introduction
Several conventional mineralogical, geochemical, and isotopic tools, using a limited number of variables (e.g., bivariate, trilinear, multielement, and semilogarithmic diagrams), have usually been applied to establish a qualitative or semiquantitative view of igneous petrological mechanisms [1, 2] . Particularly, the interaction between, at least, two magmas is one of the most important mechanisms of compositional diversification of igneous rocks [3] . According to genetic relations between the original or resident magma and the later invasive magma, two scenarios could be expected [4, 5] : (a) successive pulses of magma derived from a common source intersect in time and space or (b) unrelated chemical distinct magmas, derived from different sources are involved in the interaction episode. Additionally, different styles of the interaction phenomena are related to the variation of physicochemical parameters (e.g., [3, 6, 7] ): (a) the initial contrast in chemical composition, temperature, and viscosity, (b) the relative mass fractions and the physical state of interacting magmas, and (c) the static versus dynamic environment of interaction. These processes have been broadly divided into (a) magma mingling, a route characterized by a physical juxtaposition and intermingling of contrasting compositions, with little or no chemical homogenization, and (b) magma mixing, where the physical and chemical conditions promote the homogenization of contrasting geochemical and isotopic features, resulting in a single magma of intermediate composition. If a magma mixing/mingling model is proposed, it must include statements specifying (a) the initial compositions of the resident and invasive magmas, The Scientific World Journal (b) the modal mineralogy of the magmas prior to mixing, and (c) the proportions of resident and invasive magmas [4] . A quantitative assessment could be obtained from multivariate statistical techniques [8] . Although these methods have been used with classification purposes in igneous rocks [9] , their use to understand magma mixing/mingling processes is still limited [7, [10] [11] [12] [13] .
On the other hand, magma mixing/mingling processes have been observed in diverse tectonic settings. Consequently, a complete vision of these magmatic localities, commonly dominated by rocks with [SiO 2 ] adj > 52% (the subscript adj refers to the adjusted silica from the SINCLAS computer program [14, 15] ), would be facilitated from the tectonic regime. However, a restricted number of conventional diagrams are available for tectonic discrimination of intermediate ([SiO 2 ] adj = 52-63%; [16, 17] ) and acid ([SiO 2 ] adj > 63%; [1, 18] ) magmas. Additionally, these schemes have been critiqued as a result of a statistically wrong treatment of compositional data, eye-drawn subjective boundaries for different tectonic fields, and lack of representation of the entire statistical population [19, 20] . S. P. Verma and S. K. Verma [21] and Verma et al. [22] , to solve the limitations of the tectonic discrimination conventional schemes, have proposed a set of new discriminant-function-based multidimensional diagrams for intermediate and acid magmas from four tectonic settings (island arc, continental arc, continental rift + ocean island, and collision).
In this context, Velasco-Tapia et al. [23] recently reported, based on mineralogical, geochemical, and Sr-Nd isotopic conventional tools, that the formation of the Sierra de las Cruces (SC) volcanic range (3.7 to 0.5 Ma; central part of the Mexican Volcanic Belt (MVB); Figure 1 ) was mainly controlled by a magma mixing/mingling process. In this work, as an example, multivariate techniques (linear discriminant, cluster, and principal component analysis), discordancy and significance statistical tests, and mass-balance approaches were applied to establish the tectonic setting and to obtain a quantitative picture of the magmatic evolution of this volcanic range.
Geological Synthesis
The SC volcanic range is an elongated volcanic range, extending in a NNW-SSE direction for ∼65 km, with a width varying between 47 km to the north and 27 km to the south ( Figure 2 ; [23] [24] [25] ). According to K-Ar geochronological data [26] , the main mass of SC volcanic range was erupted between 3.7 and 1.8 Ma. After that, in the middle Pleistocene (∼0.5 Ma), another volcanic event produced andesitic domes, being labeled as Ajusco period. It has been considered as the transition to the Sierra de Chichinautzin monogenetic eruptive period (<40 ka; [27] [28] [29] ).
On the basis of morphostructural and radiometric age criteria, the SC volcanic range has been divided into four sectors bounded by E-W faults [23, 24] : (a) northern sector (SCN; 2.9-3.7 Ma), (b) central sector (SCC; 1.9-2.9 Ma), (c) southern sector (SCS; 0.7-1.9 Ma), and (d) las CrucesChichinautzin transition sector (SCT; ∼0.5 Ma). The northern and central sectors are characterized by morphostructures controlled by N-S and NE-SW fault systems. In contrast, E-W faults have ruled the morpholineaments and drainage patterns observed in the southern sector and the transition region.
The SC stratovolcanoes underwent alternated episodes, associated with faulting, of effusive and explosive activity. Porphyritic andesite to dacite lava flows (Lava Dacítica Apilulco; thickness < 4 m) with planar fracturing subparallel to the surface constitute the main effusive products. They generally show a mineralogical assemblage of plagioclase + amphibole + orthopyroxene ± clinopyroxene ± quartz + Fe-Ti oxides. Spherical to ellipsoidal magmatic enclaves occasionally occur in these lava flows. They are randomly distributed along the volcanic range, although the number and size apparently increase towards the north. Majority of the magmatic enclaves display a few millimeters to 4 centimeters in diameter, although in some northern outcrops they reach ∼20 cm in diameter. The explosive products consist in pyroclastic deposits (Brecha Piroclástica Cantimplora; thickness = 1-4 m), conformed by dacitic blocks (20-30 cm) , pumice clasts (<15 cm), and ash, that occurred intercalated with the lava flows.
Velasco-Tapia et al. [23] developed an extensive study in the SC volcanic range that includes detailed petrography, mineral chemistry, whole-rock geochemistry, and Sr-Nd isotopic data. These authors reported that several disequilibrium features confirm the significant role of the magma mingling/mixing processes between andesitic and dacitic magmas with concomitant fractional crystallization. The SC magmas were probably generated at different levels of the continental crust by partial melting. The magma mixing/mingling evidence includes (a) normal and sieved plagioclases in the same sample, rounded and embayed crystals, and armored rims over the dissolved crystal surfaces; (b) subrounded, vesicular magmatic enclaves, ranging from a few millimeters to ∼20 centimeters in size (mineralogical assemblage: plagioclase + orthopyroxene + amphibole + quartz ± olivine ± Fe-Ti-oxides); (c) crystals with reaction rims or heterogeneous plagioclase compositions (inverse and oscillatory zoning or normally and inversely zoned crystals) in the same sample; and (d) elemental geochemical variations and trace element ratio more akin to magma mixing and to some extent diffusion process. Andesitic enclaves have been interpreted as portions of the intermediate magma that did not mix completely (mingling) with the felsic host lavas.
Methods
In the present work ten samples, collected along the SC volcanic range (Figure 2 ; SCN: SC46, SC52, and SC52a; SCS: SC51, SC53, and SC58; SCT: SC03, SC16, SC22, and SC60), were studied to obtain new petrographic and geochemical data. Modal compositions were determined by point counting on thin sections using a Prior Scientific petrographic microscope. Approximately 500 points per sample were counted in order to obtain a representative mode (Table 1) . Major and trace element composition of these SC volcanic rocks (Tables 2 and 3) were determined in ActLabs laboratories (Ancaster, Canada), using the "4LithoRes" methodology (for details consult webpage http://www.actlabsint.com/). Major elements were analyzed by inductively coupled plasma-optical emission spectrometry (ICP-OES) with an analytical precision <2% and accuracy typically better than 5% at 95% confidence level, based on analysis of diverse geochemical reference materials (GRM). Trace element concentrations were determined by inductively coupled plasmamass spectrometry (ICP-MS) with an analytical precision 3-6% (occasionally reaching 9-10%) and an accuracy typically better than 7-12% for most elements at the 95% confidence level, based on analysis of diverse GRM. [34] . Rock classification was based on the total alkali-silica (TAS) scheme [35, 36] . All computations (anhydrous and iron-oxidation ratio adjustments, norm compositions, and rock classifications) were automatically done using the SINCLAS software [14, 15] . ] adj > 63%) rocks using the linear discriminant analysis (LDA) of natural logarithm ratios of major elements, immobile major and trace elements and immobile trace elements. These diagrams [21, 22] were proposed to discriminate island arc (IA), continental arc (CA), within-plate (continental rift, CR, and ocean island, OI, together), and collisional (Col) settings. Based on the earlier work of Verma and Agrawal [39] and the modifications outlined by Verma [40] , these diagrams also provide probability estimates for individual samples, which were used in the present work. Firstly, the nature of intermediate or acid magma for each sample was confirmed from the SINCLAS software [14, 15] , under the Middlemost [34] option for Fe-oxidation adjustment. After that, a series of natural logarithms of element ratios were estimated for all samples. This transformation provided a Gaussian character to the distribution data, a basic condition of the LDA. After that, the ln-ratio data were used to estimate two discriminant functions (DF1 and DF2), obtained from the LDA (canonical analysis), and the individual probability for each sample to a tectonic regime. Figure 2 : Geologic sketch of the Sierra de las Cruces volcanic range, showing lithology, faults, roads, and distribution of the samples (green stars) collected along the volcanic range in this work (modified from [23] ). Study area division in four sectors from N to S based on K-Ar radiometric data [26] : (a) SCN-northern sector (2.9-3.7 Ma), (b) SCC-central sector (1.9-2.9 Ma), (c) SCS-southern sector (0.7-1.9 Ma), and (d) SCT-transition sector that include the Ajusco volcano (<0.7 Ma).
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all possible combinations of three groups at a time out of four groups (IA, CA, CR + OI, and Col). Details of the statistical methodology and LDA equations have been reported in [21, 22] . It is important to note that the discrimination analysis was carried out considering the four SC sectors. All LDA equations were incorporated in a STATISTICA for Windows (Statsoft, Inc., Tulsa, OK, USA) spreadsheet and discrimination diagrams were constructed from these results.
Discordancy and Significance
Tests. In order to better understand the contribution of the subducted Cocos plate to the SC magmas, the methodology put forth and practiced by Verma [38] was applied. This approach basically consists of comparing the magmas closer to the Middle America Trench (MAT) to those farther from it; that is, the SC sectors were statistically compared as two groups. The null hypothesis (H 0 : the two groups did not differ significantly at strict 99% confidence level) and the alternate hypothesis (H A : the two groups differ significantly at 99% confidence level) were tested by Fisher and Student's -tests (UDASYS software, [37] ). Because the significance tests require that the data be normally distributed, single-outlier type discordancy The Scientific World Journal [42] ). Geochemical ratios were previously standardized (z-scores) by means of
where is the standardized value of , the th variable for the th sample, is the mean value of the th variable, and is its standard deviation. Additionally, the normality of each standardized variable was confirmed by the Shapiro-Wilks test. Cluster analysis applied a Ward's linkage rule, which linked iteratively nearby points through a similarity matrix and performed an ANOVA test to evaluate the distance between clusters [43] . The adopted procedure gives equal weight to each geochemical ratio. The measure of similarity was simply the distance as defined in Euclidean space. The distance between two samples ( , ) is given by
where denotes the th variable measured on object in sample and is the th variable measured on object in sample . The results of the cluster analysis were graphically displayed in three dendrograms with units in Euclidean values, corresponding to northern, central, and southerntransition SC sectors.
The weight of geochemical log-ratios in the cluster approach was determined from the results obtained in a principal component analysis (PCA). It has been defined as an orthogonal linear transformation for reducing the dimensionality of a dataset by expressing it as the combination of a small number of linearly independent factors or "principal components. " Each factor will be a function of the individual contributions of the original variables [44] . The greatest variance for the transformed data was linked to the first principal component, whereas the second variance magnitude was related to the second principal component, and so on. The PCA considers a data matrix, X ( rows × columns; rows represent different samples, and columns give a particular chemical component; each component which has been standardized yielded a zero empirical mean).
The transformation is stated by a set of -dimensional vectors w ( ) = ( 1 , . . . , ) ( ) that map each row vector x ( ) of X to a new vector of principal component factors t ( ) = ( 1 , . . . , ) ( ) given by
Individual variables of t considered over the data set successively inherit the maximum possible variance from x, with each loading w constrained to be a unit vector. The first principal component w (1) satisfied
where the quantity to be maximized is known as Rayleigh quotient. The th component was determined by subtracting the -1 principal components from X:
The vector associated with this component and showing the maximum variance from this new matrix would be defined as
All calculations related to cluster analysis were carried out using the STATISTICA for Windows software.
Mass-Balance Evaluations.
Nixon [31] applied a simple mass-balance scheme for the quantitative characterization of binary mixtures and end-member compositions in the Iztaccíhuatl volcano (central MVB). The author suggested that, despite the compositional heterogeneity, if a chemical component can be found whose concentration is invariant in time and known in the mix and in each of the endmembers, it is possible to treat quantitatively the magma mixing process.
Mixing proportions may be calculated considering the lever principle and the composition of the comingled magma subsequently described for all chemical components. The amount of a component in the mixed lava could be represented by
where + = 1, and and represent the weight fraction and concentration, respectively, of element in subscripted end-members and and mixture . The composition of an end-member could be estimated by
where constituent ̸ = . In this work, this mass-balance approach (model A) was applied to SC lavas, being restricted
The Scientific World Journal 7 to those sectors where the end-member compositions were available and to those components that exhibit a statistically significant linear coherence in [SiO 2 ] adj -Harker diagrams. This test involved the evaluation, at 99% confidence level, of Pearson product-moment correlation coefficient ( ) and the sample size ( ). Details and required caution in the use of have been reported in Bevington and Robinson [45] .
On the other hand, Zou [33] reported a mass-balance approach to explain the = ( / ) and = (V/ ) geochemical ratios (where , , , and V represent major or trace elements) in SC comingled lavas as a product of a mixture of two components 1 and 2. The variation in the and geochemical ratios could be modeled by the hyperbolic equation (condition 1 / 2 ̸ = 1 / 2 ):
In this model, the to coefficients have been defined as
where the geochemical ratios in the components 1 and 2 are
The proportion of the first component could be estimated by
In this work, the scheme described by Zou ([33] , model B) was applied to evaluate the mixing/mingling process in the SC northern sector. All calculations of mixing models were carried out using the STATISTICA for Windows software.
Results
Ten samples of SC database proved to be intermediate magmas. The set of major element based diagrams ( = 10; Table 4 and Figure 3 ) showed a collisional setting with total percent probability value (% prob) of about 45.8%. However, immobile major and trace element based diagrams ( = 9; Table 4 and Figure 4 ) indicated a within-plate regime, although with a relatively low % prob of only about 38.1. Unlike other sets of diagrams, a continental arc setting can be inferred from those based on immobile trace elements ( = 10; % prob = 39.7; Table 4 and Figure 5 ). It is important to note that intermediate samples from southern and transition sectors (1.9 to 0.5 Ma) represent the main contribution to the collisional and within-plate settings.
A relatively large number of samples ( = 46) from SC database proved to be of acid magma. In contrast to intermediate magmas, all diagrams indicated a subductionrelated setting for the SC acid magmas, with total percent probability values for this tectonic regime of about 74.1%, 63.0%, and 68.7%, respectively, for the major, major and trace, and trace element based diagrams (Table 5 and Table 6 .
The studied rocks from northern SC sector (Table 6 ; Figure 9 (a)) were distributed in three general clusters (N1 [13.6%], N2 [54.5%], and N3 [31.9%]). The PCA calculation indicated that the ∼94.2% of geochemical variability of samples from northern SC sector could be explained by three factors. The factor F1 contributed with 57.4%, being associated with major (excepting Na and P) and transition elements; rare earth elements and yttrium ruled a contribution of 18.6% by means of the factor F2 ( Figure 10 Table 6 and Figure 9 (c)). PCA calculations have revealed that a ∼90% of the geochemical composition could be explained as a function of five principal components. The factor F1, associated with major elements (excepting Na and K), Co, and Eu, contributed with 42.8%. F2 factor, which represents a 24.7%, is controlled by Ba, K, and U ( Figure 10(c) ). An 11.9% of the chemical heterogeneity is explained by the factor F3, a variable ruled by Na, K, and V composition. Figure 6 : Discriminant-function multidimensional diagrams [22] , based on ln-transformed ratios of major elements, for the tectonic discrimination of acid Sierra de las Cruces rocks. Tectonic settings: IA: island arc, CA: continental arc, CR: continental rift, OI: ocean island, and Col: collision. The symbols are explained as inset in (a). In (a), five groups are represented as three groups by combining IA and CA as IA + CA and CR and OI as CR+OI. The other four diagrams ((b)-(e)) are for three groups at a time. The subscript "macid" refers to the set of multidimensional diagrams based on ln-transformed major element (m) ratios for acid (acid) magmas. Filled circles display the compositional centroid for each tectonic setting. The percentages in each field are the discrimination effectivity. The thick lines represent equal probability discrimination boundaries in all diagrams. The coordinates of the field boundaries and additional information are reported in [22] . Figure 6 . The subscript "tacid" in axis names refers to trace (t) element ratios for acid (acid) magmas.
14 The Scientific World Journal The mass-balance approach for magma mixing (model A) used by Nixon [31] was applied to the geochemical data from SC resulting in N2 comingled lavas). 12 ) and have relatively small concentration ranges in felsic N3 end-member (Table 6 ).
The proportion of the intermediate N1 end-member in each N2 mixed lava was calculated using (7) and the average composition of the intermediate ( SC ) and felsic ( SC ) end-members. Calculated proportions exhibit internal consistency for majority of the chemical components ( Figure 13 ). For each sample, the estimated proportions display a Gaussian distribution (their normality behavior was proved by a Schapiro-Wilks test), covering between ∼15 and 47% in average proportion of the andesitic N1 end-member ( Figure 14) .
On the other hand, the mixing model B [33] was applied to lavas of the northern SC sector. The coefficients to ((10a)-(10d)) of the hyperbolic mixing equation (9) were established for twelve geochemical ratio-ratio / -V/ systems ( (Figure 14) . Each mean and its uncertainty were estimated from a statistic sample of twelve ratio-ratio systems displaying a Gaussian behavior (normality proved by a Schapiro-Wilks test).
Discussion
Tectonic Setting.
The MVB (Figure 1 ) has been considered as a very tectonically complex zone. In the framework of the theory of plate tectonics, the origin of this volcanic province has been explained by means of the subduction of Cocos and Rivera plates under the North American plate. However, several geological, geophysical, and geochemical characteristics observed in central MVB and the entire province do not support this simple model. Particularly, a strong controversy regarding the tectonic regime has been widely documented in the literature (e.g., [29, 30, 38, [46] [47] [48] [49] [50] [51] [52] [53] ). How to interpret the seemingly contradictory results obtained in the tectonic discrimination analysis for the SC magmas (Tables 4 and 5 )? A transitional continental arc to within-plate setting can be tentatively considered as a consistent model for the central MVB. Felsic magmas display geochemical features consistent with an origin from the upper continental crust. The genesis of the majority of the Mexican crustal source rocks has been associated with continental arc regime. Afterwards, a change in the tectonic setting could be related to a relatively fast variation in the Cocos plate subduction angle.
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The Scientific World Journal Table 4 : Tectonic discrimination analysis of intermediate magmas from the Sierra de las Cruces using multidimensional diagrams [21] . where one has the following: {∑ }-number of samples plotting in all five diagrams which are reported in the column of total number of samples whereas the sum of samples plotting in a given tectonic field is reported in the respective tectonic field column, {∑ prob}-sum of probability values for all samples plotting in a given tectonic field which are reported in the respective tectonic field column, and [%prob]-total probability of a given tectonic setting expressed in percent after assigning the probability of IA + CA to IA and CA using weighing factors. For details of principles, equations, and application rules of the multidimensional diagrams see [21] .
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The Scientific World Journal Table 5 : Tectonic discrimination analysis of felsic magmas from the Sierra de las Cruces using multidimensional diagrams [22] a .
Figure name For explanation see the footnote of Figure 6 . For details of principles, equations, and application rules of the multidimensional diagrams see [22] .
The Scientific World Journal ST2   ST3   SC21  SC28  SC60  SC25  SC8  TO1  SC29  SC57  SC24  SC10  SC27  SC20  SC58  SC59  SC22  SC16  SC3  SC53  SC57A  SC24A  TO2 However, the Cocos plate tectonic evolution is an issue that has not been solved. Pérez-Campos et al. [54] pointed out that the history of volcanism has been used to infer the evolving geometry of subduction. According to this model, during earlier Eocene the volcanic arc in central Mexico was nearer to the coast and parallel to the trench consistent with steep subduction. In late Eocene (30 Ma) there was a hiatus, thought to be associated with a flattening process. At 20 Ma, after a 10 Ma lull, volcanic activity resumed. At ∼10 Ma, the western part of the Cocos plate separated to form Rivera plate. At about this time, the development and propagation of a tear in the subduction plate have been suggested, culminating with the lower portion of the Cocos plate breaking off. The west-east propagating volcanism along the MVB reached the longitude of Mexico City at about 7 Ma. Additionally, Peláez Gaviria et al. [55] have reported changes during the last 3.5 Ma in the plate configuration at the north of the Middle America Trench (MAT) as a result of (a) the propagation of the Pacific-Cocos Segment of the East Pacific Rise (EPR-PCS), (b) the collision of the EPR-PCS with the MAT at 1.7 Ma, and (c) the formation of the Rivera Transform.
Actually, subhorizontal subduction of Cocos plate has been inferred by Pérez-Campos et al. [54] , Husker and Davis [56] , and Pacheco and Singh [57] from seismic data obtained from a dense network. Particularly, the dip angle of Cocos slab decreases gradually from ∼50 ∘ to 0 ∘ along the labeled Michoacan segment of the Mexican subduction zone [57] . However, this quasihorizontal subduction and a very shallow subducted slab (at most at about 40 km in depth) are not thermodynamically favorable conditions for arc-related magma generation [58] .
The diminution or even cessation of arc-related volcanism observed in the south-central Andes has been related to subhorizontal subduction of the Nazca plate [59] . The SC intermediate rocks could be a volcanism generated under this complex condition of the tectonic transition to an extensional regime. Additionally, Velasco-Tapia and Verma [29] The Scientific World Journal of <40 ka) were undoubtedly generated by partial melting of continental lithospheric mantle in a within-plate setting.
Although the previous studies and this work represent significant contributions to the understanding of the origin of the volcanism in the central MVB, more geologicalgeophysical-geochemical collaborative research is needed to clearly understand the evolution of the tectonic regime in this area and the entire MVB.
Application of Discordancy and Significance Tests.
The acid rock data of SC were placed in two groups: Gr1 close to the MAT (consisting of the data from the southern and transition sectors) and Gr2 farther away from the MAT (data from the northern and central sectors). A statistical comparison of these groups was carried out using Fisher test and Student's -test. The results are summarized in Table 8 . No statistically significant difference was observed between the two groups for any of the elements listed in Table 8 (see true for all elements in both one-sided and twosided columns of Table 8 ). The same is true for the Nbanomaly as well as for ratios of large-ion lithophile elements (LILE) to light rare earth elements (LREE) and LILE to highfield strength elements (HFSE) (see [38] for the importance of these ratios for subduction processes). Therefore, the negligible contribution from the subducted slab to the SC magmas can be safely inferred. The intermediate rock data were not so numerous and, therefore, are not reported here, although they confirmed the results for acid rocks.
Magmatic Clusters.
The statistical analysis of samples from northern SC sector (Figure 9 (a) and , and transition elements (e.g., Co and V). Cluster N2 seems to be representing the group including the majority of comingled lavas observed in this sector. It is important to note that the northern SC sector displays a relatively high density of magmatic enclaves included in felsic magmas, also showing the specimens with the higher size (reaching ∼20 cm) in the entire volcanic range. This fact could be related to an increase in fault and fracture density in this direction [24] , a favorable condition for magma mingling/mixing processes.
The Scientific World Journal The central SC sector did not include dacitic rocks without disequilibrium features. The C1 and C3 clusters (Figure 9 (b) and Table 6 ) represent intermediate magmatic enclaves (SC35A and SC37A) . The mixed lavas were more loosely grouped in two different clusters (C2 and C4), each of them with relatively lower levels of similarity in relation to a magmatic enclave. In comparison with the northern sector, the Euclidian linkage distances are relatively tiny: C1 + C2 clusters show a separation of ∼16 units in relation to C3 + C4 subgroups. The samples from southern and transition SC sectors separated into three sets (Figure 9 (c) and 
Magma Mixing Process.
Along the entire MVB, magma mixing/mingling has also been inferred as a significant mechanism in the petrologic evolution of stratovolcanoes (Tequila [60, 61] ; Tancítaro [62] ; Iztaccíhuatl [31] ; Popocatépetl [32, 63, 64] ; Telapón [65] ), cinder cones and monogenetic fields (Sanganguey [66] ; Chichinautzin [29] ), or calderas (Amealco [67] ; La Primavera [68] ).
Particularly, seismic and gravity data have revealed the presence of partial melts at the base of the crust in the central MVB [69, 70] . These magmas might be stored at the base of the crust transferring heat to shallower crustal levels. The partial melting of the upper continental crust (depth at the base ∼10 km [71] ) generated dacitic magma (e.g., N3-type cluster in the SC northern sector with an SC 
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Max. 12) , probably generated at lower crust (depth 25-45 km [71] ), intruded in the dacitic magma chamber, losing heat to the surroundings and starting to vesiculate, prior to effusion. This interaction process between dacitic-andesitic magmas occurred continuously in the SC during a period of ∼3 Ma. Mass-balance analysis (model A) for SC northern sector has showed that from ∼11 to 58% of the andesitic end-member was partially mixed with the felsic magma, as observed in Q diagrams ( Figure 13 ). Repeated injections of this andesitic magma into the dacitic magma caused mingling events in the central and the southern SC sectors.
Average value and their uncertainty for northern SC compositional poles ( SC and SC ) have been included in the major-element Harker diagrams (Figure 11 ). Also, for comparison, the end-member components modeled for the magma mixing process in Popocatepetl ( PO , mafic and PO , felsic [32] ) and Iztaccihuatl ( IZ , mafic and IZ , felsic [31] ), two stratovolcanoes located behind the SC volcanic range, have been incorporated in these diagrams.
Magma mixing evaluation in SC northern sector, using the alternative approach proposed by Zou [33] (model B), resulted in hyperbolic mixing models for several ratio-ratio systems involving major and trace elements (Table 7) . Mixing models (Figures 15-16 ) have yielded end-member compositions that are close to the samples of N1 and N3 groups. According to test and -test, no significant differences exist between the sample compositions and the modeled endmember compositions. Additionally, these models suggest that the comingled lava compositions can be explained by mixing N1 : N3 end-members from 0.11 : 0.89 to 0.58 : 0.42 ( Figure 14) . Clearly, these results are comparable to those obtained applying the mass-balance model A (Figure 14 ).
Conclusions
(1) Statistical and mass-balance techniques have been successfully used as igneous petrological tools.
(2) From multidimensional discrimination diagrams, a transitional continental arc to within-plate setting can be tentatively considered as a consistent tectonic framework for the Sierra de las Cruces volcanic range. Felsic volcanism was derived from the upper continental crust, with a continental arc affinity, whereas the intermediate magmas (spheroidal enclaves) were generated in deeper levels of the crust in an extensional setting.
(3) Discordancy and significance tests have revealed that evidence does not exist of a geochemical contribution of several major and trace elements from the subducting Cocos plate to the SC magma genesis. The definitive validity of this hypothesis necessary requires, at least, a similar behavior for volatile components (water, CO 2 , SO 2 , etc.) and also fluid-linked isotopic species (e.g., Li, B). However, this information has not been available in this work. (5) Mass-balance models have revealed that the chemical composition of the comingled lavas from the SC northern sector can be reproduced with ∼11 to 58% of the andesitic end-member.
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